ABSTRACT Modeling a launch vehicle dynamics accurately is time-consuming since its dynamics is very complex with high nonlinearity, when considering the influence of load variation and other related factors. Model-free adaptive control (MFAC), as a data-driven control method, has been widely used because of its simple controller structure, low-computational burden, and easy implementation. In this paper, a data-driven attitude improved model-free adaptive control (iMFAC) is first applied for a launch vehicle. First, a controller is designed for the launch vehicle by utilizing the MFAC. Then, the initial values of the pseudo gradient (PG) and the reset values of the PG in the designed controller are optimized under the virtual reference feedback tuning (VRFT) framework through the equivalent relationship between the MFAC and the VRFT in controller structure. Finally, the effectiveness and robustness of the applied iMFAC are verified through qualitative and quantitative analysis compared to the MFAC and PID.
I. INTRODUCTION
A spacecraft is a carrier for humans to proceed with space activities, to explore the universe, and to perform space missions. In order to enhance space activities and speed up the pace of space development, the traditional aerospace countries, such as the United States, Europe, and Russia, have begun large-scale deep space exploration missions. The only tool to enter space for all countries in the world is the launch vehicle [1] . The launch vehicle is controlled by a designed attitude controller to send the payload to space along a desired trajectory [2] , [3] . Therefore, it is important to design the attitude controller for the launch vehicle.
Many control methods, such as sliding mode control [4] , optimal control [5] , and output-feedback control [6] , [7] , have been applied to the launch vehicle,
The associate editor coordinating the review of this manuscript and approving it for publication was Zhong Wu. but they all need to know the mathematical model of the controlled plant. The model established is just an approximation of the practical system due to its complexities and various operation conditions, which means that the aforementioned control methods have the problem of unmodeled dynamics and uncertainty [8] - [11] . Modeling the launch vehicle dynamics accurately is timeconsuming and money cost, since its dynamics is very complex with high nonlinearity when considering the influence of load variation, aerodynamic force, and other related factors. Thus, adopting an efficient and effective attitude control for the launch vehicle is of great significance on space exploration missions.
Facing those challenges brought by those aforementioned model-based control methods, the data-driven control (DDC) or model-free control methods attract increasing attention. So far, there are many DDC methods in literatures, such as model-free adaptive control (MFAC) [12] , simultaneous perturbation stochastic approximation (SPSA) based model-free control method [11] , unfalsified control (UC) [13] , and iterative learning control (ILC) [14] . For most of the DDC methods, the structure of a candidate controller is usually assumed by experience or from knowledge of the controlled plant. However, it is difficult to determine whether such a controller structure is appropriate or applicable in practice when the model of controlled plant is unavailable.
MFAC was first proposed by Hou in 1994 for a class of general unknown non-affine discrete-time nonlinear systems by using the new concept, including the pseudopartial-derivative (PPD) or the pseudo gradient (PG) vector for a single-input-single-output (SISO) nonlinear system, pseudo-Jacobian matrix (PJM) for a multi-input-multioutput (MIMO) nonlinear system, and the dynamic linearization (DL) data modeling technique. The DL technique includes the compact form dynamic linearization (CFDL), the partial form dynamic linearization (PFDL), and the full form dynamic linearization (FFDL) [15] - [19] . Since the MFAC is relatively simple to be implemented, and the computational burden is small, it has been successfully applied in many fields, e.g., gas collector pressure system of coke ovens [20] , data dropout compensation for the network [21] , interlinked AC/DC microgrids [22] , power systems [23] , and robotic exoskeleton [24] .
Further, for the launch vehicle control issue, the initial values of the attitude controller are crucial for a successful launch since the launch vehicle is a fast-varying nonlinear system, and only a few seconds are left for the controller adaption. Thus, the initial values of the pseudo gradient (initial PG) of the MFAC selection for the launch vehicle is vital to the success. Furthermore, with the same reason, the reset values of the PG (reset PG) of the MFAC is also very critical for the successful launch.
For the time being, many data-driven controller parameter tuning methods, such as virtual reference feedback tuning (VRFT) [25] , iterative feedback tuning (IFT) [26] , correlation-based tuning (CbT) [27] , have been proposed. However, IFT and CbT are iterative algorithms, where the optimal controller parameters require to be determined with numbers of experiments. VRFT [25] , [28] , [29] is a datadriven tuning method which determines the optimal controller parameters with only one open-loop experiment. VRFT has been successfully applied to some practical systems, such as the vertical-type one-link arm [30] , active suspension system [31] , and industrial self-balancing manual manipulators [32] .
Motivated by the aforementioned observations, the improved model-free adaptive control (iMFAC) is proposed in this paper combining the MFAC with the VRFT based parameter tuning method. Firstly, MFAC is adopted to design a controller with the initial PG and reset PG for the launch vehicle. Then, the initial PG is optimized through an equivalent relationship in controller structures between the MFAC and the VRFT. Finally, the reset PG is obtained based on a set of previous I/O data that are adjacent to the current operating conditions. It should be noted that [33] and [34] , [35] also proposed a combination of MFAC and VRFT. In [33] , their work is aimed to tune the parameters of CFDL-MFAC, and this paper is to tune the parametrers of FFDL-MFAC, in which the parameters of FFDL-MFAC are more complex, and the FFDL-MFAC scheme enjoys more adjustable degrees of freedom and more design flexibility. In [34] , [35] , They tuned offline the initial parameters of CFDL-MFAC utilizing VRFT and did not take advantage of the aforementioned equivalent relationship. One differences between this paper and [34] , [35] is that this paper can not only tune offline the initial pararmeter (initial PG) of MFAC, but also update online the parameter (reset PG) of MFAC on current operation conditions, the other is that the parameters tuned by VRFT are also different.
The main contributions of this paper are as follows. 1) The MFAC is first applied for the attitude control of the launch vehicle. It should be noted that the applied MFAC is independent of the physical model of the launch vehicle in controller design and it has no problem of unmodeled dynamics, which are different from the existed control methods used in the launch vehicle.
2) The control performance of the applied MFAC is improved by using the VRFT based parameter tuning method to the launch vehicle through optimizing the time-varying controller parameters in off-line and on-line with only requirement of measured I/O data of the launch vehicle. 3) Implementing an efficient attitude control for the launch vehicle by using the MFAC is of great significance for exploring the potential of data-driven control methods.
The rest of this paper is organized as follows. In Section II, the dynamic model of the launch vehicle is given. The iMFAC is described in SectionIII. Sections IV and V present the simulation results and conclusion, respectively.
II. SYSTEM MODELING AND PROBLEM FORMULATION
In order to describe the attitude of the launch vehicle relative to the Earth, the Euler angles between the launching coordinate system (oxyz) and body coordinate system (ox 1 y 1 z 1 ) are used. These Euler angles are the pitch angle ϕ (rad) , yaw angle ψ (rad), and roll angle γ (rad) [36] . The pitch channel, the yaw channel, and the roll channel of the launch vehicle are shown in Fig. 1 .
In general, the dynamic model of the launch vehicle is described by a set of equations with nonlinear and timevarying coefficients. The details are introduced as follows, including attitude dynamics [1] and kinematics [36] .
A. ATTITUDE DYNAMICS 1) PITCH CHANNEL
The attitude dynamics of the pitch channel is expressed by the followṡ where ϕ d (rad) indicates the small deviation of pitch angle, α d (rad) denotes the angle of attack, θ d (rad) is the flight path angle, F by (rad/s) is the structural disturbing force along oy axis, δ ϕ (rad) is the control torque on the pitch channel, M bz (rad/s 2 ) is the structural disturbing moment along oz axis , α wp (rad) and α wq (rad) denote disturbances from the wind, c The expressions of the aerodynamic force coefficients on the pitch channel are
.
2) YAW CHANNEL
The attitude dynamics of the yaw channel is expressed by the followṡ
where ψ d (rad) is the small deviation of yaw angle, β d (rad) is the angle of sideslip, σ d (rad) represents the flight path azimuth angle, F bz (rad/s) is the structural disturbing force along oz axis, δ ψ (rad) is the control torque on the yaw channel, M by (rad/s 2 ) denotes structural disturbing moment along oy axis; β wp (rad) and β wq (rad) denotes disturbance from the wind, c The expressions of the aerodynamic force coefficients on the yaw channel are
3) ROLL CHANNEL
The attitude dynamics of the roll channel is described in as followsγ
where γ d (rad) is the small deviation of roll angle, δ γ (rad) is the control torque on the roll channel, M bx (rad/s 2 ) denotes structural disturbing moment along ox axis, d 3 (1/s 2 ) and d 3 are aerodynamic force coefficients on the roll channel. The expressions of the aerodynamic force coefficients on the roll channel are
where
where , andẆ z1 (m/s 2 ) are axis apparent acceleration. It should be noted that subscripts x, y, z, x 1 , y 1 , and z 1 of these variables mean the axis of coordinate systems, for instance, V x means the velocity on the ox axis in the oxyz, andẆ x1 means the apparent acceleration on the ox 1 axis in the ox 1 y 1 z 1 .
The undefined physical symbols are shown in Table 1 . The objective of attitude control of the launch vehicle is how to design a controller with simple structure to determine the control input signals δ ϕ , δ ψ , and δ γ that could drive ϕ d , ψ d , and γ d to track the desired angles when the dynamic model of the launch vehicle is complex with high nonlinearity.
III. ATTITUDE CONTROLLER DESIGN A. MFAC
Take the pitch channel as an example (yaw and roll channels are similar), the relationship between the system out ϕ d and control input δ ϕ on the pitch channel described in Section II can be written in the following general discrete-time mathematical expression
where the two positive integers n y and n u are orders of ϕ d and equivalent deflection on pitch channel δ ϕ , respectively, k is the sampling instant, f (·) : R n y +n u +2 −→ R is an unknown nonlinear function.
Referred to [17] , (10) can be equivalently expressed by the following FFDL data model
T is a bounded and unknown vector, called PG, l and h are pseudo orders, which implies the amount of information about system output and control input at previous time, 0 < l ≤ n y , 0 < h ≤ n u .
The following is the MFAC scheme, which is composed of PG estimation algorithm (12), the reset mechanism (13) and control law (14) , as shown at the bottom of this page. The reset mechanism introduced here is to endow the PG estimation algorithm with a strong ability to track the timevarying PG, where η ∈ (0, 2) is a step size for generalizing the estimation law (13) 
that is, initial PG for the pitch channel.
Analogy with the pitch channel, the MFAC scheme for the yaw channel can be obtained (15)- (17), as shown at the top of the next page, where ψ * d is the desired yaw angle,φ φ φ ψ,l,h (1) is the initial values ofφ φ φ ψ,l,h (k), that is, initial PG for the yaw channel.Similarly, the MFAC scheme for the roll channel is as follows (18)- (20) , as shown at the top of the next page, where γ * d is the desired roll angle,φ φ φ γ ,l,h (1) is the initial values of φ φ φ γ ,l,h (k), that is, initial PG for the roll channel.
B. IMFAC WITH VRFT BASED PARAMETER TUNING METHOD
For simplicity, this subsection take the pitch channel as an example (yaw and roll channels are similar). In order to get a reasonable initial PGφ φ φ ϕ,l,h (1) in (13), some systematic methods are required before the MFAC (12) - (14) is applied to the launch vehicle. When the reset mechanism in (13)
is activated, theφ φ φ ϕ,l,h (k) =φ φ φ ϕ,l,h (1) requires to be improved asφ φ φ ϕ,l,h (k) =φ φ φ ϕ,res , where theφ φ φ ϕ,res is the reset PG. Then the initial PG and the reset PG will be determined by using the VRFT based tuning method. The details are as follows. the control law (14) with l = 2, h = 1 can be rewritten as the following form
where (21) can be rewritten as the parameterized controller
where z is a time shift operator (e.i. e(k − 1) = z −1 e(k)).
The block diagram of control system for the launch vehicle is shown in the Fig. 2 . The control objective of VRFT [25] , [28] , [29] , is to optimize the controller parameters θ θ θ = [θ ϕ,1,ini , θ ϕ,2,ini , θ ϕ, 3 ,ini ] such that the closed-loop system is consistent with the reference model M (z), i.e., minimizing the following performance index
where P(z) is the launch vehicle; C(θ θ θ , z) = β β β T (z)θ θ θ denotes the parameterized controller (22) ,
] is a set of known discrete-time transfer function vector, W (z) is weighting function. Since P(z) is unknown, it is difficult to directly solve the derivation of the performance index (26) with respect to θ. In order to solve the problem, introducing a virtual reference signal r vir with ϕ d (k) = M (z)r vir where M (z) = ϑz −1 /(1 − (1 − ϑ))z −1 , ϑ ∈ (0, 1) and a virtual error e vir (k)
FIGURE 2. Control system structure. (28) Equation (26) is transformed into the following rewritten expression by
Minimizing the (29) can obtain
. (33) where N is the total simulation time instants,θ ϕ,1,ini ,θ ϕ,2,ini , andθ ϕ,3,ini are the estimation values of the θ ϕ,1,ini , θ ϕ,2,ini , and θ ϕ,3,ini , respectively. Givenφ c,ini : λ =φ c,ini υ > 0, υ is a constant, then the initial PG for the MFAC is obtained according to (23)- (25) and (31)- (33) 
Reset PG based on VRFT is updated from n sets of the launch vehicle system I/O data that are adjacent to the current data. The basic steps are as follows:
(1)) are activated, find the corresponding δ ϕ (k − 1) and ϕ d (k − 1), which are represented as
2) Define the distance between x i and x j as d j = x i − x j , and find the set {x j |j = 1, 2, · · · , n} where the distance d j is adjacent to x i from the database.
3) Update parametersθ by using the {x j |j = 1, 2, · · · , n} obtained in step 2. (υ + 1)(θ ϕ,1,res +θ ϕ,2,res +θ ϕ,3,res )
. (42) Hereto, the determined initial PG (34)- (36) and reset PG (40)- (42) are obtained. The MFAC scheme (12)- (14) combined with (34)- (36) and (40)- (42) formulates the iMFAC on the pitch channel (the yaw and roll channels are similar) applied in this paper. The block diagram of iMFAC scheme on pitch channel is depicted in Fig.3 .
IV. SIMULATION
In this section, the simulation on the launch vehicle is conducted to verify the effectiveness of the applied iMFAC. It is worthy pointing out that the dynamic model of the launch vehicle in Section II is just as a data generator and the parameters of the dynamic model cannot be provided due to the third-party confidential requirements.
The qualitative and quantitative comparisons for MFAC, iMFAC, and PID (parametes of PID were tuned by VRFT [37] ) in this section have been conducted. The sampling period is t s = 0.001s and the terminate time is t = 300s. The initial pitch angle ϕ = −0.18(rad), initial yaw angle ψ = −0.18(rad) , initial roll angle γ = 0.18(rad). 
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For the following simulation analyses, two cases are presented. In Case 1, the launch vehicle is consistent with circumstance shown in Section II. The effect of disturbance on the aerodynamic force coefficients is added in Case 2.
Case 1: The qualitative and quantitative comparisons for the MFAC, iMFAC, and PID on the three channels are presented in Fig. 4-Fig. 9 and Table 2 . As shown in Fig. 4 -Fig. 6 , iMFAC, MFAC, and PID can achieve satisfactory control performance on three channels of the launch vehicle. the iMFAC and the PID can achieve better performances with smaller tracking error and faster response on the pitch channel than MFAC, which is confirmed by the MSE and ITAE indices in Table 3 , e.i., The MSE iMFAC and the MSE PID are 43% and 37% lower than MSE MFAC for the tracking error, and the ITAE iMFAC and the ITAE PID are 54.8% and 51.4% lower than ITAE MFAC for the response speed. On the yaw and roll channels, it can be seen obviously that the iMFAC and MFAC can achieve better performances with smaller tracking error and faster response than PID, which is also confirmed by the MSE and ITAE indices in Table 2 , e.i., The MSE iMFAC and the MSE MFAC are 38.1% and 37.8% lower than MSE PID for the tracking error on the yaw channel, the roll channel is 30% and 21.5%. For the response speed, the ITAE iMFAC and the ITAE MFAC are 79.3% and 52.3% lower than ITAE PID for the response speed on the yaw channel, the roll channel is 71.2% and 35.7%. It can be seen that iMFAC can achieve a tighter control on the three channels than PID and MFAC from the aforementioned analysis. As shown in Fig. 7 -Fig. 9 , the energy consumption achieved the iMFAC is obviously better than that of MFAC and PID on pitch and roll channels, which is reflected in the IAVU index in Table 2 . For the energy consumption, the IAVU iMFAC is 0.24% and 85% lower than the IAVU PID and the IAVU MFAC on the pitch channel, and the roll channel is 6.1% and 93.1%. In addition, although the iMFAC has a little more energy consumption than MFAC on the yaw channel, the better tracking performance on the yaw channel is achieved by the iMFAC. By comparing iMFAC with PID, it can be seen that iMFAC can achieve a tighter track with less energy consuption.
Case 2: In order to compare the robustness of the three controllers, the qualitative and quantitative comparisons are presented in Fig. 10 -Fig. 15 and Table 3 with considering the effect of disturbance on the aerodynamic force coefficients of the launch vehicle.
It can be seen from Fig. 10 -Fig. 12 that the tracking performance with minimum tracking errors at the stable stage and with the fastest response is achieved by the iMFAC, which is confirmed by the values of MSE and ITAE indices in Table 3 . For the tracking error, the MSE iMFAC is 9.9% and 43.1% lower than MSE PID and MSE MFAC on the pitch channel, the yaw channel is 38% and 33.2%, and the roll channel is 27.5%, 7.54%. For the response speed, the ITAE iMFAC is 54.5% and 4.4% lower than ITAE MFAC and ITAE PID on the pitch channel, the yaw channel is 77.2% and 78.7%, and the roll channel is 46%, 64.7%.
Moreover, as shown in Fig. 13 -Fig. 15 , the iMFAC has obviously less energy consumption on the pitch and roll channels than MFAC and PID, which is confirmed by the IAVU indices in Table 3 . For the energy consumption, the IAVU iMFAC is 0.78% and 73% lower than the IAVU PID and the IAVU MFAC on the pitch channel, and the roll channel is 10% and 84%. Besides, although the iMFAC has a little more energy consumption on the yaw channel than MFAC, it can achieve a better tracking performance on the yaw channel.
It should be noted that the oscillation of control input occurs at the initial stage as preseented in Fig. 7-Fig. 9 and Fig. 13 -Fig. 15 . Because of the large intial stage, the existence of structural disturbance moment, structural disturbance force, and the effect of controllers gain in the initial stage, the control inputs fluctuate. The control inputs of iMFAC have been improved to a certain after VRFT optimization for the fact VRFT has an optimization effect on the control inputs as a whole.
Finally, by comparing the MSE, ITAE and IAVU indices in Table 2 with Table 3 , the overall indices of iMFAC are little changed compared with those of MFAC and PID, which verifies the robustness of the iMFAC.
V. CONCLUSION
The iMFAC is applied in this paper to the launch vehicle for the first time. The main features for the iMFAC are as follows: 1) the model information of the launch vehicle system is not required and only the I/O data of the launch vehicle is used for the controller design. 2) initial PG and reset PG of the attitude controller for the launch vehicle are obtained by VRFT. It can be seen from the qualitative and quantitative comparison results that the performances of the iMFAC have been superior to those of MFAC and PID. Besides, the performance of anti-disturbance on the aerodynamic force coefficients variation of the launch vehicle is tested with the applied iMFAC for the robustness.
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